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Climate changeLittle research has focused on the economic impact associatedwith climate-change inducedwildland ﬁre on nat-
ural ecosystems and the goods and services they provide.We examine changes inwildlandﬁre patterns based on
the U.S. Forest Service'sMC1 dynamic global vegetationmodel from2013 to 2115 under two pre-deﬁned scenar-
ios: a reference (i.e., business-as-usual) and a greenhouse gas mitigation policy scenario. We construct a habitat
equivalency model under which fuels management activities, actions commonly undertaken to reduce the fre-
quency and/or severity of wildland ﬁre, are used to compensate for climate change-induced losses in ecosystem
services on conservation lands in the contiguous U.S. resulting from wildland ﬁre. The beneﬁt of the greenhouse
gas mitigation policy is equal to the difference in fuels management costs between the reference and policy sce-
narios. Results suggest present value ecosystem service beneﬁts of greenhouse gas mitigation on the average of
$3.5 billion (2005 dollars, assuming a three percent discount rate). Our analysis highlights the importance of con-
sidering loss of ecosystem services when evaluating the impacts of alternative greenhouse gas mitigation
policies.
© 2015 Published by Elsevier B.V.2 ISGM-CAM refers to the Integrated Global SystemModeling-Community Atmosphere
Model.1. Introduction
Public and private landsmanaged for conservation purposes provide
a variety of ecosystem services, including wildlife habitat, soils and sed-
iment management, air and water quality, aesthetics and scenic re-
sources, and recreational use (Krieger, 2001). Across the U.S., climate
change is expected to increase the occurrence and size of wildland ﬁre
(Westerling et al., 2011; Stavros et al., 2014), which could lead to reduc-
tions in the ecosystem services provided by such lands. Greenhouse gas
(GHG)mitigation is likely to result in fewer and/or less severe wildﬁres,
thus providing potential economic beneﬁts through the avoidance or
reduction of ecosystem service losses from catastrophic ﬁre. We esti-
mate the cost of fuels management, land management activities de-
signed to reduce the frequency and intensity of wildﬁres, required to
compensate for climate change-induced losses in ecosystem services
resulting from wildland ﬁre. This avoided cost represents the beneﬁt
of climate change mitigation to ecosystem services on conservation
lands.
We assess two pre-deﬁned scenarios: a reference (REF) scenario
corresponding to a global radiative forcing metric of 10 W/m2 by the
year 2100, and a global GHG mitigation policy (POL) scenario in which
global radiative forcing is stabilized at 3.7 W/m2 by the year 2100.1
For both scenarios, results from MC1, a dynamic global vegetatione climate change scenarios usedmodel (Bachelet et al., 2001) using ﬁve different initializing conditions
(Wind1, Wind13, Wind14, Wind26, and Wind28) of the IGSM-CAM2
climate model (Monier et al., 2014) are analyzed. These initializations,
each of which contains different climate conditions for the simulation,
are designed to investigate the inﬂuence of natural variability in
projecting climate change impacts. In this study,we evaluate the beneﬁt
of the POL scenario from 2013 through 2115.3 This study is part of a na-
tional, multi-sector effort to quantify and monetize the potential bene-
ﬁts in the U.S. associated with global GHG mitigation.4 For consistency
with previous efforts, we present our results in 2005 dollars.
1.1. Climate Change Impacts on Wildland Fire
Research has demonstrated a strong link between increased ﬁre and
climate change (Aldersley et al., 2011;Marlon et al., 2008). There is gen-
eral consensus that climate change is and will continue to be a primary
driver of trends inwildland ﬁres, outweighing even direct human inﬂu-
ence on wildland ﬁre patterns (Pechony and Shindell, 2010). Although
ﬁre is also naturally occurring, and in certain circumstances, essential
to ecosystem health, climate change is predicted to leave ecosystems3 This start year represents the ﬁrst year of MC1 data for which actual, historical data
were not available. Because the MC1 model runs through 2115, we also conducted our
analysis through this year.
4 See Q3Waldhoff et al. (2014) for an overview of the Climate Change Impacts and Risk
Analysis (CIRA) project. SeeMills et al. (2014) for quantiﬁcation of other categories of ben-
eﬁts related to changes in U.S. wildﬁre patterns.
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some ecosystems to recover from such ﬁres (Seidl et al., 2014). For ex-
ample, warming trends are expected to result in increased lightning
strikes (Romps et al., 2014); in the decade prior to 2013, lightning-
caused ﬁres burned 64% of the total acreage affected by wildland ﬁre
(NIFC).
Concurrently, other efforts are using various climate change scenar-
ios to estimate the types of negative environmental impacts whichmay
result from increasing wildﬁre (Litschert et al., 2014). To date, little
work has been done to understand the economic impacts of unmitigat-
ed climate change on ecosystem services and the effect that emissions
reductions would have in reducing those impacts. This paper aims to
ﬁll that knowledge gap by presenting and applying an approach that
quantiﬁes the fuels management costs necessary to avoid ecosystem
losses due to climate change-induced wildland ﬁre. Fuels management
activities are routinely undertaken to change the amount, kind, and
arrangement of fuel loads5 in order to minimize the potential for cata-
strophic ﬁre. Such activities include manual or mechanical vegetation
removal and prescribed burning.
1.2. Economic Impacts of Wildland Fire
Historical efforts to assess the impacts of wildland ﬁre have primar-
ily focused on readily available metrics, such as the number of acres
burned, the number of lost structures, the number of responding per-
sonnel, the costs of ﬁre suppression and response, and in some cases,
the value of lost timber. This information, however, provides only a par-
tial view of the total economic impacts of wildland ﬁre because it does
not take into account the long-term impacts of wildland ﬁre on affected
watersheds and ecosystems. For example, theWestern Forestry Leader-
ship Coalition (WFLC) estimates the true cost of pastﬁres in thewestern
U.S. to be between two to thirty times the cost of suppression (WFLC,
2010).6 A San Diego StateUniversity study estimated the total economic
impact of the 2003wildland ﬁres in SanDiego County at $2.45 billion, of
which suppression costs accounted for less than two percent of total
costs (Rahn, 2009).7
Little research has focused on the economic impact associated with
wildland ﬁre on natural ecosystems and the goods and services they
provide. Changes in such ecological systems as a result of high intensity,
catastrophic wildﬁres can interrupt and/or diminish both market and
non-market ecosystem services from the time of the ﬁre through full
recovery of the system to its baseline (or pre-ﬁre) condition. While
market-based goods and services can be monetized relatively directly,
non-market services are often referenced only qualitatively when
discussing the potential economic impact of wildland ﬁre. Our analysis
assesses how climate change-driven changes in wildﬁres affect the
non-market services provided by ecosystems.
In considering the multiple streams of beneﬁts or services ﬂowing
from an ecosystem, estimating economic impacts can either involve a
service-by-service analysis or a proxy analysis. In a service-by-service
approach, categories of beneﬁts associated with an ecosystem are
deconstructed and quantitatively or qualitatively assessed individually.
Assessing each potential category of beneﬁt requires constructing a
unique framework and developing appropriate inputs. While this ap-
proach has been carried out in the context of forest ﬁres (Batker et al.,
2013), it is resource intensive, requiring detailed, case-speciﬁc research
and the development of large volumes of data. Instead, we use a proxy5 Fuel can include any type of ﬂammablematerial, for example trees, brushes, and grass.
Fuel load describes the amount of ﬂammable material within a speciﬁc area (i.e., tons per
acre).
6 The Oregon Department of Forestry follows the concept of “cost plus loss,” in which
the full accounting of losses from a wildland ﬁre in forested ecosystems is equal to timber
and ecosystem values in addition to suppression expenditures (ODF, 2014).
7 Other cost categories included economic impacts to infrastructure, natural areas, busi-
nesses, and the community (i.e., recreation impacts, humanandhealth services, andpublic
assistance).method in which a single metric, or a collection of a fewmetrics, serves
as a ‘proxy,’ representative of a broader set of services provided by a par-
ticular ecosystem. We employ live vegetative cover as the proxy to re-
ﬂect the overall bundle of services provided by an ecosystem.
The remainder of this paper is organized into three parts. In Section
2,we review theMC1modelwhichwe rely upon to understand changes
in the pattern of vegetation andwildlandﬁre due to climate change.We
also brieﬂy describe the habitat equivalency analysis (HEA) framework.
This is followed by a detailed discussion of data andmethods. Section 3
presents our analytic results and Section 4 concludes with areas of
uncertainty.
2. Data and Methods
2.1. MC1 Dynamic Global Vegetation Model
TheMC1model is a dynamic vegetationmodel developed by theU.S.
Forest Service (USFS) that simulates ecosystem biogeochemical pro-
cesses and changes in ecosystem structure to facilitate projections
about howpotential vegetationmay change in response to different dis-
turbances. The MC1 model has been used in a number of applications,
including assessing potential climate change effects on vegetation and
faunal species (Halofsky et al., 2013; King et al., 2013; Mills et al.,
2014). For this analysis, we rely on outputs generated by MC1 model
runs conducted under a previous effort and provided for use in this eco-
nomic analysis (see Mills et al., 2014 for a description of the approach
used to prepare and run the MC1 model). The MC1 model divides the
contiguous U.S. into 3256 grid cells, where each cell is roughly 50 km
by 50 km in size, equivalent to approximately 2500 km2 (or
617,763 acres).8 Outputs for a wide-range of variables are generated
for each grid cell for each year from 2000 through 2115. For this
study, we rely on outputs for seven variables, including the year of the
ﬁre. The remaining variables are introduced as they are used in the cal-
culations in the Methodology section that follows. Because the model
only allows one value per variable per year, the MC1 model limits
each cell to no more than one ﬁre in any given year. In cases where
ﬁre may be more frequent (i.e., a cell may experience more than one
ﬁre in a single year) this assumption may underestimate ﬁre frequency
and/or the total number of acres burned.9 We further assume that the
area burned within each cell is an independent ﬁre. That is, if two ad-
joining cells both have a noted fraction burned,we assume these burned
areas are from separate ﬁre events.
2.2. Overview of Habitat Equivalency Analysis
In the context of environmental damage liability regimes, habitat
equivalency analysis (HEA) is one well-accepted technique for deter-
mining appropriate compensation for the loss of ecosystem services
(U.S. DOI, 2008; EU, 2008; NOAA, 1995). The basic premise of HEA is
that the public can be compensated for past and expected future losses
in ecosystem services through the provision of additional and equiva-
lent services in the future (Roach andWade, 2006). These “compensato-
ry” services are in addition to actions taken to restore the resource to its
baseline condition (in this case, the pre-ﬁre condition), since simply re-
storing the resource to its baseline condition after an extended period of
time will not make the public whole. These compensatory services are
provided through restoration activities selected based on their efﬁcien-
cy at replacing the lost services. The proper scale of compensatory8 Because the grid cells are aligned with latitude and longitude lines, there is some var-
iability in cell area. These differences were factored into the analysis when calculating the
number of acres of land burned.
9 The effect of this underestimation in the model is not simple. While the burned area
may be greater and associatedwith increased losses in ecosystem services, more frequent
ﬁre may also result in younger baseline ages and shorter recovery times.
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equal the estimated present value losses. Losses are expressed in terms
of the cost of providing sufﬁcient restoration to offset lost ecosystem
services. In this study, vegetation cover serves as the proxy to estimate
acre-years of ecosystem services (i.e., services provided by one acre of
vegetated land over one year), and losses are expressed as a reduction
in the number of acre-years of services. Additionally,we apply a real dis-
count rate of three percent to calculate present value losses (due to cli-
mate change) and gains (due to fuels management undertaken to offset
these impacts).10
HEA is commonly used to establish the appropriate scale of compen-
satory restoration in the context of damage assessments conducted
under the 1990Oil Pollution Act and the Comprehensive Environmental
Response, Compensation and Liability Act (CERCLA) (U.S. DOI, 2008).
HEA has also withstood judicial scrutiny, having been accepted for pur-
poses of natural resource damage assessment by several courts and uti-
lized in numerous publications (Tolan, 2008; Strange et al., 2002).
Equivalency methods are also recognized internationally having been
incorporated into the European Union's Environmental Liability Direc-
tive 2004/35/EC.2.3. Methodology
To understand the relative beneﬁts of POL, we estimate ecosystem
service losses resulting from wildﬁres on conservation lands under
both the REF and POL scenarios and then determine the difference be-
tween the two scenarios.2.3.1. Study Area
Conservation lands are deﬁned as those areas which are intended to
remain in a natural (i.e., undeveloped) state in perpetuity. Because such
lands lack any pressure from future development, environmental ser-
vices on these lands can be reasonably predicted into the future. For
the purposes of this analysis, we consider conservation lands to include
federal- and state-owned lands as well as denoted conservation lands
held by private entities (i.e., conservation easements held by private in-
dividuals or non-governmental organizations).
We identify conservation lands using the Protected Areas Data-
base of the U.S. (PAD-U.S.) (USGS, 2012). We omit grid cells without
any conservation lands.11 For the remaining cells, we assume that
the area estimated by the MC1 model as burned (as calculated
using the “PART_BURNyr” MC1 variable) affects conservation and
non-conservation land proportionally.122.3.2. Baseline Conditions
Estimating the baseline or pre-ﬁre age of vegetation burned in each
ﬁre allows us to understand the time required for an ecosystem to re-
cover to its pre-ﬁre state.We establish baseline age using two variables:
(1) the age of an ecosystem in the absence of previous ﬁre, and (2) the
age at which an ecosystem is subject to a speciﬁc ﬁre event.10 While there is some debate in the economics community regarding the true social dis-
count rate, Freeman (1993) states that a rate of two to three percent is appropriate for
discounting streams of environmental beneﬁts, at least where the stream of beneﬁts and
costs accrue to people in the same generation. Furthermore, in a relevant context, three
percent was selected as the central value with 2.5 and 5% discount rates chosen as upper
and lower bounds, respectively, for determining the social cost of carbon (U.S. IWG, 2013).
11 Of the 3257 grid cells within the contiguous United States, we omitted 338 grid cells
from further analysis because these cells did not contain any conservation lands.
12 To estimate thenumber of acres of conservation landburned in eachﬁre,wemultiply the
fraction of each cell burned from theMC1model by the percent of conservation land in that
cell, and then multiply by the total acres in the cell. For example, a grid cell of 619,952 acres
comprised of 33.19% conservation lands that experiences a partial burn of 0.1% is equivalent
to 20,576 acres of burned conservation land (i.e., 619,952 ∗ .3319 ∗ 0.1 = 20,576).2.3.2.1. Age of an Ecosystem Absent Previous Fire.Within the contiguous
U.S., the MC1 model deﬁnes 37 vegetation types (the “VTYPEyr” MC1
variable) within 7 vegetation classes (the “AGG_VCLASSyr” MC1 vari-
able). Of these 37 vegetation types, this study evaluates changes in eco-
system services for 30 types. We exclude from our analysis vegetation
types for which post-ﬁre recovery is relatively short (i.e., one to two
years).13 The MC1 model “assigns” a cell's vegetation class dynamically
each year. To determine the ‘primary’ vegetation class and type for each
grid cell, we use the 30-year mode, beginning in the year 2013, which
represents the vegetation class and type most likely to occur in a
given grid cell.14
To estimate the baseline age of vegetation within each grid cell, we
conducted a literature review to determine the mature age of each
vegetation class. We gathered data from across a variety of locations
to capture the variation across eco-regions. We then used professional
judgment to assign the ﬁnal maturity age values, conservatively
selecting the lower end of the range of values compiled from existing
literature15,16 (Table 1).
2.3.2.2. Age of an Ecosystem at a Speciﬁc Fire Event.Over the course of the
analysis, grid cells experience repeated ﬁres. When multiple ﬁres occur
in the same area, such ﬁres introduce an additional disruption that has
the potential to decrease the recovery period of ecosystems affected
by subsequent ﬁres. To account for grid cells with patterns of repeated
ﬁres, we apply an analysis in which the period of recovery for a speciﬁc
ecosystem after a ﬁre is based on a grid cell's past ﬁre activity instead of
a grid cell's baseline age at maturity. For this burn overlap analysis, we
ﬁrst calculate the cumulative number of acres burned in each grid cell,
beginning in 1998 using historical data, and then from 2013 to 2115
using theMC1model output dataset. Once the cumulative acres burned
exceed 50% of the total cell area, subsequent ﬁres are conservatively as-
sumed to occur on land that had already burned during the modeled
time period.17
2.3.3. Ecosystem Service Losses
Ecosystem service losses are determined by assessing ﬁre burn se-
verity, translating this severity into an initial quantiﬁable loss in terms
of acre-years, and summing the losses over the ecosystem recovery
period.
2.3.3.1. Fire Burn Severity. There is no standard approach for assessing ﬁre
severity. Many techniques incorporate a combination of remote imagery
and ﬁeld evaluations. For example, the USFS often deploys Burned Area
Emergency Response teams to ﬁre sites to estimate areas of low, moder-
ate and high burn severity from ﬁeld measurements of post-ﬁre changes
in soil (Parson et al., 2010). For this analysis, we employ ﬁre-speciﬁc var-
iables generated from the MC1 model. Based on recent ﬁndings, we esti-
mate ﬁre severity by calculating the direct loss of carbon through
combustion (the “bio_consume”MC1 variable) as a percentage of the car-
bon existing in live vegetation prior to the ﬁre (“aﬂivcv” + “aglivcv”)
(Brown et al., 2013).
The link between percent of carbon loss and ﬁre severity is an active
area of research. A study of the relationship between carbon consumed13 The MC1 model deﬁnes two levels of vegetation, vegetation classes and vegetation
types, of which the former is one hierarchy above the latter. We omit the following grass-
land vegetation types: temperate, subtropical, and tropical grasslands and tropical savan-
na.We also omit the followingmeadow vegetation types: tundra aka alpine, taiga–tundra
and subalpine meadow.
14 This approach is consistent with USFS practices when analyzing MC1 model output
(John Kim, Personal Communication, June 2, 2014).
15 All else being equal, less mature age classes translate to smaller ecosystem service
losses because recovery periods are shorter.
16 The only exception to this rule was shrublands, where we assign a mature age of
37 years based on our review of the existing literature.
17 This assumption is conservative in that after the threshold is reached, all re-burning is
assumed to occur on land most recently burned, thus minimizing the lost ecosystem ser-
vices associated with subsequent ﬁres.
Table 1
Summary of literature review on maturity age by vegetation class.
Vegetation class Model
maturity
age (years)
Range of maturity
ages from literature
(years)
Source(s)
Coniferous forests 100 50–200 Fierst (1993)
Franklin and Spies
(1991)
Haynes (1986)
Jiang et al. (2004)
Winter deciduous forests 65 50–80 Mazur et al. (1998)
Mixed forests 65 50–150 Huebner and Tobin
(2006)
Keeton et al. (2011)
Mazur et al. (1998)
Broadleaf and evergreen
drought deciduous
forests
80 N80 Gilliam and Roberts
(2014)
Woodlands 140 140–147 Garrison et al.
(2002)
Miller et al. (2008)
Shrublands 37 17–150 Horton and Kraebel
(1955)
Jacobsen et al. (2004)
Keeley et al. (2005)
Mooney (1981)
Parker (1989)
Syphard et al. (2006)
Zedler et al. (1983)
Deserts 19 19 Engel and Abella
(2011)
For the vegetation classes constituting forestland, we augment our literature reviewwith
publicly available data on forest stand age from the North American Carbon Program
(NACP) (Pan et al., 2012). For each cell identiﬁed as forestland, we assign the baseline
age as the higher of: (1) our literature review on the age of mature ecosystems and
(2) the NACP dataset.
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pine (Pinus ponderosa) stands found burn severity observations ranging
from13 to 35% of available aboveground live carbon (Meigs et al., 2009).
As our analysis attempts to characterize the burn severity of ﬁres in
many types of forest ecosystems, we apply these general thresholds to
deﬁne the severity of different ﬁres and estimated percent mortality
in each burn severity class using mean values reported in Meigs et al.
(2009) (Table 2).
For many habitats, ﬁre is an integral component of ecosystem
health; research suggests that low intensity ﬁres are often integral to
ecosystem function (USFS, 2014). The same research, however, suggests
that higher intensity ﬁres, such as catastrophic or “crown” ﬁres, result in
widespread vegetative mortality consistent with an injured ecosystem.
As such, we removed low severityﬁres fromour analysis and focus sole-
ly on moderate and severe ﬁres. Across all scenarios, moderate and se-
vere ﬁres account for 13% to 18% of the total number of ﬁres. As
expected, the number of low severity ﬁres increases on average under
the POL scenario, while the total number of ﬁres decreases as does the
percentage of moderate and severe ﬁres. These data demonstrate that
the POL scenario we are evaluating reduces both the frequency and se-
verity of ﬁre.
2.3.3.2. Initial Severity-Weighted Acre Loss. We calculate the initial
severity-weighted acres of injury associated with each ﬁre as theTable 2
Burn severity classiﬁcation and associated percent mortality.
Consumed carbon as a percentage of
aboveground carbon
Threshold Severity Percent
mortality
Less than 13% 13% Low 22%
Greater than 13% and less than 35% Moderate 54%
35% or greater 35% High 98%product of the acres of conservation land in a grid cell and the appropri-
ate percent mortality. This value represents the loss in ecosystem ser-
vices, expressed in terms of acre-years, in the ﬁrst year after the ﬁre.
2.3.3.3. Recovery. The recovery time period is the baseline ecosystem age
determined in Section 2.3.2. Post-ﬁre recovery is assumed to occur line-
arly over this period.While some services such as soil communitiesmay
returnmore quickly, other ecosystem services do not return completely
until the vegetation is mature (Xiang et al., 2014; Stephenson et al.,
2014). As such, assuming a linear vegetation recovery is a reasonable
approach for estimating the loss (and return) of ecosystem services.
We quantify post-ﬁre recovery on an annual basis. We then convert
the acre-years of lost ecosystem services due to each ﬁre in each year to
present value terms using the year 2015 as the baseline year. The total
ecosystem service losses associated with a ﬁre is the sum of acre-years
over the entire recovery period.
2.3.4. Compensatory Ecosystem Service Gains
There are several options available to replace ecosystem services, for
example: purchasing conservation land to avoid ecosystem services lost
due to development or, in forested ecosystems, undertaking silvicultur-
al actions to restore ecosystem services provided by forest stands im-
pacted by past ﬁre or other perturbations. We use fuels management
as the restoration activity to offset the impacts of ﬁres that are predicted
to occur in theMC1model. Fuelsmanagement is designed to reduce ﬁre
frequency and severity; it is not intended to avoid the occurrence of ﬁre
altogether.18 Relative to land acquisition for example, fuels manage-
ment represents a cost-effective approach to restore ecosystem
services.19 As such, fuels management is commonly undertaken, espe-
cially on federal lands.
For each ﬁre, we model fuels management in either the grid cell
burned or adjacent cells depending on the economic efﬁcacy of treat-
ment in either location. The economic efﬁcacy and beneﬁts of fuels
management are based on the probability of ﬁre occurring in a given
grid cell. As the probability of ﬁre in a given grid cell increases, using
fuels management as a means for avoiding losses due to future ﬁre is
more effective (i.e., the beneﬁt per cost of this restoration activity be-
comes more reasonable).20 We used Eq. (1) to calculate the probability
of ﬁre occurring in a given cell in a given year.
Equation 1. Calculation of the probability of ﬁre occurring in a grid
cell
X2115
year¼2013 burned acresgrid cell
 
total conservation land acresgrid cell
103
: ð1Þ
We calculate the probability of ﬁre for each grid cell in the REF sce-
nario and the POL scenario. For grid cells with ﬁres occurring in both
the REF and POL scenarios, we conservatively use the higher of the
two probabilities. This ensures that the beneﬁts of fuels management
are based on the maximum ﬁre probability occurring in a particular
grid cell. Fires occurring only in the POL scenario are assigned the prob-
ability of ﬁre as calculated under the POL scenario.
To select the grid cell with the highest probability of ﬁre within the
vicinity of each ﬁre event (i.e., one grid cell is selected for fuels manage-
ment per ﬁre), we examine the grid cell where ﬁre occurs as well as the
adjoining grid cells, up to a total of eight additional cells. This method18 For example, the 1995 FederalWildland Fire Policy identiﬁed fuels management as an
essential activity to avoid severe, high-intensity ﬁres and to maximize ecosystem beneﬁts
through the protection and persistence of natural resources (Busby, 2002).
19 Fuels treatment also results in landscapes that have been shown to be consistent with
scenic preferences (Scott, 1998).
20 This method does not take into consideration unique ecological, cultural, or economic
values that may exist in any given grid cell, which may increase the net economic beneﬁt
of performing fuels treatment on a case-by-case basis.
Table 3
Fuels management costs by USFS Region (2005$).
USFS Region Management cost (prescribed burning)
2005$/acre
Region 1, Northern $155
Region 2, Rocky Mountain $50
Region 3, Southwestern $53
Region 4, Intermountain $88
Region 5, Paciﬁc Southwest $336
Region 6, Paciﬁc Northwest $183
Region 8, Southern $34
Region 9, Northeastern $53
265C. Lee et al. / Ecological Economics 116 (2015) 261–269assures that fuels management is modeled in a grid cell where such
treatment may be reasonably expected to occur; that is, in a grid cell
where the cost of fuels management is not disproportionately large rel-
ative to the beneﬁts gained from fuels management.
We then apply a probabilistic analysis to determine the beneﬁts of
fuels management in each grid cell. This step consists of several sub-
components. First, to capture the near-term beneﬁt of fuels manage-
ment, we assume that fuels management prevents moderate to severe
ﬁres from occurring for the ﬁrst ten years after treatment. Second, we
assume perfect knowledge of future ﬁre events and therefore model
fuels management to occur in the current year (2015), which, in turn,
assumes that restoration of ecosystem services begins immediately.
Lastly, we calculate beneﬁts over a 100-year timeframe; this assump-
tion avoids artiﬁcially limiting the ecological beneﬁts earned through
restoration to a capped time period. The beneﬁt of fuels management
is calculated as an acre-year credit metric and represents the difference
in the ecosystem services from an acre of land with and without fuels
management. In other words, the output represents the acre-years of
ecosystem beneﬁts attributable to one acre of managed land.
2.3.5. Beneﬁts (i.e., Costs of Compensatory Actions)
To quantify the cost of fuels management required to compensate
ecosystem service losses, we use Eq. (2) to scale fuels management to
our previous estimate of ecosystem service losses (Eq. (2)).
Equation 2: Area of restoration required
Present value injury acre yearsð Þ
Acre year creditð Þ  Fuels management benefit ratioð Þ
¼ Acres requiring fuels management
ð2Þ
The beneﬁts of fuels management extends to an area greater than
the area treated. Accordingly, Eq. (2) applies a uniform fuels manage-
ment beneﬁt ratio factor of 3.33 for all ﬁres (Finney, 2001). That is, for
each acre treated, 3.33 acres are protected from future ﬁre risk for the
assumed duration that fuels management is effective (in this case, ten
years).
Finally, we quantify the cost of restoration by multiplying the acres
requiring fuels management calculated in Eq. (2) by the cost of
performing fuels management. The cost of fuels management varies
by a number of factors, including type and location of treatment, geo-
graphic features and vegetation type, among others. Prescribed burning
is a relatively inexpensive way to reduce surface and ladder fuels, and
the per acre costs of prescribed burning represent lower-bound esti-
mates of fuels management (Stephens et al., 2012).21 For this study,
we differentiate fuels management costs for prescribed burning by
USFS Region.22 Table 3 presents the average prescribed burning costs
by USFS Region, adjusted for inﬂation, as determined by Cleaves et al.
(2000).
A summary of the how the steps outlined in this methodology sec-
tion connect to the ﬁnal calculation of beneﬁts is shown in Fig. 1. This
ﬂowchart depicts the relationships between the metrics used in the
model. Section numbers describing the derivation and/or speciﬁc use
of a particular metric appear in the gray boxes.
3. Results
As shown in Table 4, the average ecosystem service beneﬁt of the
POL scenario, expressed as the avoided cost of offsetting actions on con-
servation lands due to wildland ﬁre, is $3.5 billion ($2005). Under our
analysis, the number ofmoderate and severe ﬁres decreases from an av-
erage of 7849 to 6199. The present value of acre-years lost, which21 Mechanical treatments are generally more expensive; some estimates suggest ﬁve
times greater than prescribed burning (Cleaves et al., 2000; Calkin and Gebert, 2006).
22 Costs by USFS region are generally consistent with published literature that examines
fuels treatment costs by region (Cleaves et al., 2000 and Calkin and Gebert, 2006).represents the aggregate ecological services provided by land in its nat-
ural state over time, is reduced under the POL scenario by 198 million
acre-years on average. The acres of land requiring fuels management
declines from an average of 125 million acres to 89 million acres.
As shown in Table 5, while the Southern region experiences an in-
crease in the number of ﬁres under the POL scenario, all regions experi-
ence a net positive beneﬁt under the POL scenario. The greatest beneﬁt
occurs in the Paciﬁc Northwest, which accounted for approximately 37%
of total U.S. beneﬁts. The variation in beneﬁts across USFS Regions stems
from a range of factors, includingwhen andwhere the ﬁres occur under
the POL and REF scenarios. Because of the time value of money, fuels
management costs are greater for ﬁres that occur earlier in time than
those that occur in later in time, all else equal. The main driver of the
beneﬁts predicted for the Paciﬁc Northwest is the reduction in severely
burned acres,which alone accounts for almost 45% of the total reduction
predicted in severely burned acres under the POL scenario.
4. Areas of Uncertainty and Additional Research
In general, this analysis relies on best estimate ranges or the most
appropriate point estimates, where relevant, and reﬂects an approach
designed to ensure results are not over- or understated. However, the
geographic and temporal scale of this analysis required the use of sim-
plifying assumptions at multiple points in the analysis. In this section,
we highlight key areas of uncertainty, which could be reﬁned through
future research and model enhancement.
4.1. Burn Overlap Variable
As described in Section 2.3.2.2we introduce a burn overlap variable to
account for the fact that, given the large grid cell sizes, it is reasonable to
assume that multiple ﬁres will burn different parts of the cell rather than
burn the same acreage repeatedly. We set the burn overlap threshold at
50%. To examine the uncertainty associated with this variable, we simu-
lated model runs of POL utilizing a zero percent burn overlap threshold
(i.e., every ﬁre in a given grid cell is assumed to burn previously burned
acres) and a 100% burn overlap threshold (i.e., cumulatively, the entire
cell must burn before ﬁres are considered to burn previously burned
acreage).
As shown in Table 6, even under themost conservative sensitivity of
zero percent burn overlap (i.e., every ﬁre burns in the same footprint as
the next most recent ﬁre), the beneﬁts of GHG mitigation are greater
than $2 billion. Given the size of the grid cells and the average size of
modeled ﬁres (less than 20% of the cell size), this assumption likely un-
derestimates avoided costs.
4.2. Burn Severity and Percent Mortality Assessments
We estimate burn severity based on available MC1 model out-
puts. We then qualitatively related the percent of consumed carbon
with a quantitative measure of vegetative mortality. Uncertainty
exists at both of these steps. Assessing burn severity is largely sub-
jective, based on a few or many variables, and may (or may not)
Fig. 1. Flowchart of inputs utilized in the beneﬁt calculation.
266 C. Lee et al. / Ecological Economics 116 (2015) 261–269integrate ﬁeld assessments. This analysis is limited to the available
MC1 variables. Even then, an enhanced understanding of the rela-
tionship between consumed biomass and ﬁre severity would reduce
this area of uncertainty.
Additionally, our model assigns only onemortality estimate for each
burn severity. In reality, a burn severity category represents a range of
vegetation mortality. For example, a high severity designation might
be given to areas exhibiting greater than 80% mortality. Because of theTable 4
Summary of beneﬁts of global GHG mitigation policy (2013–2115).
Climate
initializationa
Reduction in predicted
number of moderate and
severe ﬁres
Reduction in PV acre-years lost
(i.e., lost services ﬂowing from 1
acre in 1 year) (million acre-years)
Wind1 2801 195
Wind13 1524 59
Wind14 1244 77
Wind26 1108 437
Wind28 1573 222
Average 1650 198
a Refers to the ﬁve different initializing conditions of the IGSM-CAM climate model. The initi
designed to investigate the inﬂuence of natural variability in projecting climate change impactvast number of ﬁres for which we calculate injury, applying averages
is reasonable but it masks the true variation that exists in post-ﬁre veg-
etation mortality.
4.3. Duration of Fuels Management
Our analysis assumes that fuels management prevents moderate to
severe ﬁres from occurring for the ﬁrst ten years after treatmentReduction in acres requiring fuels
management (million acres)
Cost of fuels management to avoid
incremental ecosystem service losses
(million $2005)
40 $3714
25 $3390
27 $1868
58 $5489
31 $3161
36 $3524
alizations, each of which contains different climate conditions for the MC1 simulation, are
s (also see Monier et al., 2014.)
Table 7
Total beneﬁts under various assumptions of fuels management beneﬁt duration.
Climate initializationa Total beneﬁts (million of $2005) (2013-2115)
Assuming fuels management lasts for:
5 years 10 years
(main analysis)
15 years
Wind1 $6925 $3714 $2650
Wind13 $6317 $3390 $2421
Wind14 $3482 $1868 $1334
Wind26 $9658 $5489 $3694
Table 6
Results of burn overlap thresholda sensitivity analysis.
Climate
initializationb
Beneﬁts (million 2005$) through 2115
0% burn overlap
threshold
50% burn overlap
threshold
100% burn overlap
threshold
Wind1 $2189 $3714 $3936
Wind13 $1518 $3390 $3701
Wind14 $1376 $1868 $2168
Wind26 $3105 $5489 $6357
Wind28 $2702 $3161 $3461
Average $2178 $3524 $3925
a The burn overlap threshold represents cumulatively burned acres in a given grid cell
as a percentage of the total area of the cell. When the number of acres burned in a cell
reaches a certain percentage (i.e., 0, 50 or 100%), every subsequent ﬁre predicted to occur
in the cell is assumed to be re-burning land from themost recentﬁre. Before the threshold
is reached, ﬁres are assumed to be burning land previously undisturbed. As shown above,
all else equal, the higher the burn overlap threshold, the lower the area assumed to be re-
burning, and therefore the beneﬁts of climate change mitigation are higher.
b Refers to theﬁve different initializing conditions of the IGSM-CAM climatemodel. The
initializations, each ofwhich contains different climate conditions for theMC1 simulation,
are designed to investigate the inﬂuence of natural variability in projecting climate change
impacts (also see Monier et al., 2014.)
Table 5
Beneﬁts (REF–POL) by USFS Region as averaged across ﬁve climate initializations.
USFS Region Change in the number of
moderate and severe ﬁres
Beneﬁts of POL
(Mil 2005$)
Region 1, Northern 195 $664
Region 2, Rocky Mountain 196 $301
Region 3, Southwestern 160 $94
Region 4, Intermountain 438 $253
Region 5, Paciﬁc Southwest 428 $377
Region 6, Paciﬁc Northwest 298 $1295
Region 8, Southern (163) $274
Region 9, Northeastern 99 $267
Total 1,650 $3524
267C. Lee et al. / Ecological Economics 116 (2015) 261–269(Vaillant et al., 2009). However, because fuels management can vary
widely in effectiveness (Vaillant et al., 2009), we also generate results
assuming fuels treatment is effective for ﬁve and ﬁfteen years based
on literature examining the buildup of surface fuels following fuels
management (Agee and Skinner, 2005; Chiono et al., 2012; De Lasaux
and Kocher, n.d.). As shown in Table 7, the average damage estimate
across all climate initializations varies from 70% to 183% of the main
analysis, depending on the assumed duration of treatment beneﬁts.
4.4. Acres Requiring Fuels Management
In conducting a HEA, the scale of the ecosystem service losses and
compensatory restoration actions should be marginal relative to the
total amount of resources and associated services available. This criteri-
onworks to ensure that the analysis reﬂects the economic principle that
the value ofwhatwas lost not be signiﬁcantly different from the value of
the replacement. While large in absolute terms, the burned area repre-
sents a relatively small portion of total conservation lands, particularly
when considered on an annual basis. Similarly, the area expected to
beneﬁt from compensatory fuels management is relatively small com-
pared to the study area.
In considering the feasibility of compensatory fuels management,
we examine available data on fuels management activities on USFS
lands.23 Across the ﬁve climate initializations, fuels management varies
from 72million to 124million acres. From 2001 to 2011, the USFS treat-
ed approximately 27.6 million acres of national forestland, approxi-
mately 2.5 million acres per year (Tidwell, 2013). More recent USFS
studies, however, document the need for greater fuels management; a
15-year plan recommends treatment of 4.2 million acres per year
(USFS, n.d.).
More importantly, the predicted total acres of land requiring fuels
management align well with USFS modeling exercises that estimate be-
tween 65 and 82 million acres of National Forest lands are in need of
fuels and forest health treatments. Of this amount, 73 million acres are
identiﬁed as high-priority treatment areas (USFS, n.d.; USFS, 2000). In
summary, while logistically coordinating themagnitude of fuels manage-
ment calculated may require a decade or more, lands in need of fuels
management likely exist for the total amount of restoration calculated.
4.5. Geographic Scale of Grid Cells
As previously discussed, each grid cell unit is relatively large, mea-
suring approximately 2500 km2, or 618,000 acres. For comparison, the
average ﬁre size in each year from 2002 to 2010 was about 94 acres
(Gabbert, 2011). USFS is undertaking efforts to structure the model to
run at ﬁner spatial scales (John Kim, Personal Communication, June 2,
2014), which may increase the accuracy of our analysis, especially23 Data limitations prevent us fromconsidering this same question across all entities that
may engage in fuels management activities on public conservation lands. Estimates of
fuels management on USFS lands likely understates the total amount of fuels treatment
occurring and needed across all conservation lands, or on lands on which wildﬁres may
impact conservation lands.given themodel's constraint of oneﬁre per grid cell per year. In addition,
a smaller model resolution may also improve our understanding of
where ﬁres are likely to occur, relative to the spatial distribution of con-
servation lands. As discussed in Section 2.3.1, we assumed that the area
burned by each ﬁre in a grid cell is proportional to the area of conserva-
tion land burned within the cell. Depending on the actual placement of
ﬁres within grid cells, this assumption may be overestimating or
underestimating the acres of conservation land burned.
4.6. Type Conversion
Changes in ﬁre frequency and severity can convert one habitat type
to a different habitat type. Such impacts are referred to as a “type con-
version” and can result in a permanent loss of habitat and associated
ecosystem services. For example, type conversion is well documented
in southern California where alien-dominated grasslands are replacing
the native drought-resistant shrubland (chaparral) ecosystems as a re-
sult of repeated, high-intensity ﬁres (Keeley, 2006). Such type conver-
sion can reduce overall biodiversity and contribute to further increases
in the risk of wildland ﬁres (Holmes and Cowling, 1997; Eiswerth
et al., 2009). The extent of type conversion depends substantially on
the frequency and severity of ﬁre relative to natural ﬁre return intervals
(Fisher et al., 1987).
In considering the potential for type conversion, we examine
the extent of conversion between MC1 vegetation classes as predicted
by theMC1model. All else equal, integrating an assumption of a perma-
nent loss of ecosystem services in areas experiencing type conversion,
ecosystem service losses estimated in Section 3 would increase. TheWind28 $5900 $3161 $2253
Average (% of main analysis) $6457 (183%) $3524 (100%) $2471 (70%)
a Refers to the ﬁve different initializing conditions of the IGSM-CAMclimatemodel. The
initializations, each ofwhich contains different climate conditions for theMC1 simulation,
are designed to investigate the inﬂuence of natural variability in projecting climate change
impacts (also see Monier et al., 2014.)
268 C. Lee et al. / Ecological Economics 116 (2015) 261–269percent of cells experiencing conversion under each scenario over
the period of the analysis range from a low of 23% to a high of
42%, with an average of 39% and 25% under the POL and REF,
respectively.
Table 8 presents the top ﬁve conversions under each scenario,
accounting for over 60% of all type conversions. The majority of type
conversions are frommixed forest to deciduous forests and fromwood-
lands to shrublands. To the extent that these conversions represent a
functional change from the original habitat, this will result in a perma-
nent loss of ecosystem systems. Quantifying this loss requires an under-
standing of the net economic impact associated with the loss of a
particular habitat. While this analysis does not attempt to quantify the
losses resulting from type conversion, Table 8 illustrates that the POL
scenario reduces the number of grid cells undergoing type conversion,
a beneﬁt attributable to GHG mitigation.5. Conclusions
This paper is theﬁrst to systematically investigate the economic impli-
cations of ecosystem service losses resulting from changing patterns of
wildland ﬁres as a result of climate change. We demonstrate that the
avoided costs generated by global GHG mitigation are sizeable. While
this beneﬁt varies based on climate initialization, the ﬁndings are consis-
tently substantial in spite of natural variability, as estimated using the ﬁve
climate initialization scenarios. For example, the range across the ﬁve cli-
mate initialization is nearly 200% of the minimum estimate. Similarly,
while the model is sensitive to the assumption informing the years
between ﬁres, the burn overlap bounding analysis illustrates a
lower-bound estimate of at least $2 billion (2005 dollars, assuming
a three percent discount rate). Moreover, this result is based on the
conservative assumption that ﬁres will burn in the same area of a
cell each year, an unlikely assumption given the size of the grid
cells and average ﬁre size.
Our ﬁndings emphasize the importance of considering loss of eco-
system services when evaluating the impacts of alternative GHG emis-
sion scenarios. Ecosystem damages may be a substantial portion of
directly measured costs. For example, under POL, the avoided costs
due to ecosystem services injury are approximately 38% of the avoided
response costs estimated byMills et al. (2014). As the frequency and in-
tensity of wildland ﬁres increases over the coming decades, efforts to
fully understand the implications of this growth will assist decision-
and policy-makers to develop a more comprehensive understanding
of the impact of wildland ﬁre, and therefore the beneﬁts of reducing
the incidence of wildland ﬁre through GHG mitigation.Table 8
Top ﬁve most frequently observed conversions.a
Rank REF POL
Veg class
conversion
Percent of
conversions
Veg class
conversion
Percent of
conversions
1 3⇨ 2 19% 5⇨ 6 18%
2 5⇨ 6 16% 3⇨ 2 20%
3 1⇨ 3 10% 1⇨ 6 10%
4 1⇨ 6 9% 1⇨ 5 7%
5 6⇨ 3 9% 6⇨ 5 7%
Vegetation type key:
1 = coniferous forests.
2 = winter deciduous forests.
3 = mixed forests.
4 = broadleaf and evergreen drought deciduous forests.
5 = woodlands.
6 = shrublands.
7 = deserts.
a This table presents rankings presented derived from frequencies of type conversion
based on average occurrences across all ﬁve climate initializations for each scenario.Acknowledgments
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